A number of studies have demonstrated that 1 H-MRS can be used to predict neurodevelopmental outcome at 12 mo in term-born infants with perinatal depression (1) (2) (3) . No study to date, however, has associated relative concentrations of NAA or lactate, as measured by 1 H-MRS, with longer-term neurodevelopmental outcome. The purpose of this study was to determine, in infants with perinatal depression, (1) whether 1 H-MRS results are associated with neurodevelopmental outcome at 30 mo of age, and (2) whether the relative concentrations of NAA and lactate in the neonatal period are associated with changes in neurodevelopmental status from age 12 mo to 30 mo. Given that socioeconomic factors impact long-term developmental outcome of ICN graduates (4, 5) , we sought to determine the contribution of socioeconomic factors to changes in outcome at 30 mo of age in this cohort.
METHODS
We assembled a prospective cohort of term neonates with perinatal depression to study the MR predictors of neurodevelopmental outcome. This cohort, extensively described elsewhere (2), was derived from screening 5389 consecutive term neonates born in or transferred to our institution's ICN since 1994. The cohort comprises 126 infants studied with MR 1 H-MRS as part of the study protocol in 1995, we have studied 91 newborns. Five of these 91 newborns have expired and 14 have been lost to follow-up. Of those studied with 1 H-MRS, 61 have completed their 12-mo follow-up and 37 of these newborns have also completed their 30-mo follow-up. This consecutive series of 37 patients who completed both the 12-and 30-mo follow-up assessments comprises the group reported in this article.
MR data. MRI and spectroscopy were done at a median of 6 d of life (range 2-13). The same MR scanner and techniques were used for the entire cohort. The newborns were imaged as soon as they were stable enough to be transported safely to the MR scanner and imaging time was available. MRI of the brain in all newborns included 4-mm (1-mm "gap") sagittal spinecho (SE) [500/11/2 (TR/TE/excitations)], 4-mm (1-mm "gap") axial SE (500/11/2) images, and 4-mm (2-mm "gap") axial SE (3000/60,120/1) images through the entire brain. MR abnormalities in the BN and frontal IBZ were scored using a system previously validated for the determination of neuromotor outcome (6) . This system scores both regions on the T1 sequence and the first echo of the T2 sequence separately. Using this system, MRI abnormalities were scored in the BN as follows: 0 ϭ normal or isolated focal cortical infarct; 1 ϭ abnormal signal in thalamus; 2 ϭ abnormal signal in thalamus and lentiform nucleus; 3 ϭ abnormal signal in thalamus, lentiform nucleus, and perirolandic cortex; and 4 ϭ more extensive involvement. Findings in the IBZ were scored as follows: 0 ϭ normal; 1 ϭ single focal infarction; 2 ϭ abnormal signal in anterior or posterior watershed white matter; 3 ϭ abnormal signal in anterior or posterior watershed cortex and white matter; 4 ϭ abnormal signal in both anterior and posterior watershed zones; and 5 ϭ more extensive cortical involvement.
Proton spectra were acquired from two separate 5-cm 3 voxels, one centered on the BN, including the lentiform nucleus and thalamus (37 newborns), and the other from the frontal IBZ (36 newborns) ( Fig. 1 ) (2). 1 H-MRS was performed using the point-resolved spectroscopy (PRESS) technique to acquire long echo-time spectra from approximately 5.5 cm 3 of tissue for both regions. The spectrum for each location was acquired using the PROBE (PROton Brain Exam, General Electric, Milwaukee, WI, U.S.A.) sequence in under 5 min with a TR of H-MRS timings and voxel localization were chosen to maximize the detection of lactate and NAA, while minimizing extracranial adipose tissue contamination of the spectra (2) . The voxels used were the same in all subjects, with the hemisphere for the voxels chosen to best fit with the imaging planes. After acquisition, the 1 H-MRS data were transferred off-line and analyzed on a SPARC Workstation (Sun Microsystems, Mountain View, CA, U.S.A.) using spectral quantitation software developed in our laboratory (2) . The 1 H-MRS data were Fourier transformed and baseline fitted. The peak areas were integrated for the choline (trimethylamine), creatine, NAA, and lactate resonances.
Neonatal condition. To quantify and summarize the clinical condition of our cohort in the neonatal period, 32 of the newborns were prospectively scored using the Score for Neonatal Acute Physiology-Perinatal Extension (SNAP-PE). SNAP-PE scores the worst physiologic derangement in each organ system during the first 24 h after admission, with increasing scores reflecting more severe derangement. This validated measure of illness severity is important for the prediction of neonatal mortality and was used here as an estimate of the overall clinical condition of the newborns (7, 8) .
Developmental examinations. All patients were examined at 12 and 30 mo of age. At both assessments, cognitive development was assessed by administering the MDI of the Bayley Scales of Infant Development II (BSID II) (9) . At each assessment, a pediatric neurologist blinded to the neonatal course and imaging results of the infant performed a standardized neurologic exam. The neurologist scored neuromotor outcome using a validated NMS: 0 ϭ normal; 1 ϭ abnormal tone or reflexes or primitive reflexes; 2 ϭ abnormal tone and reflexes; 3 ϭ decreased power and tone or reflex abnormality; 4 ϭ cranial nerve involvement and any motor abnormality; and 5 ϭ cranial nerve involvement and spastic quadriparesis (10) .
Outcome classification. Infants were classified a priori as functionally normal, if the MDI was in the normal range (Ͼ85) and the NMS was Ͻ3 (no abnormality of motor power) at 30 mo; as abnormal, if MDI Յ85 (borderline or below) and/or NMS Ն3 (abnormality of motor power) at 30 mo; or as deteriorated, if normal (MDI Ͼ85, NMS Ͻ3) at 12 mo and abnormal (MDI Յ85, NMS Ն3) at 30 mo. The cutoff values for the NMS and the MDI were chosen to identify those children who would be targeted for rehabilitation or special educational services.
Socioeconomic condition. At the 30-mo assessment, the primary caregiver's socioeconomic condition was assessed using the four-factor index of social status (Hollingshead A, unpublished working paper, Yale University, New Haven, CT, 1975) . Total annual household income was stratified as (1) Յ$15,000; (2) $15,000 -$35,000; (3) $35,000 -$75,000; and (4) Ն$75,000. Maternal education was stratified as (1) did not complete high school; (2) completed high school (grade 12); (3) at least one year of college; (4) completed college; and (5) graduate school. Caregivers were also asked to identify whether their child was receiving any rehabilitation service (e.g. physical therapy, occupational therapy, speech therapy, developmental program).
Total annual household income was provided in 30 of 37 cases; nonresponders were distributed evenly among the groups (three normal, two deteriorated, and two abnormal). Twenty-four caretakers provided information on the highest level of maternal education achieved. Of the nonresponders, three were normal, six deteriorated, and four were abnormal. In the 21 cases where both estimates were provided, household income and maternal education were highly correlated (Spearman's ϭ 0.73, p ϭ 0.0002). Given this high correlation among the two variables and the poor response rate regarding maternal education, only total annual household income was used in the analysis as a measure of the infant's socioeconomic condition.
Data analysis. Statistical analysis was performed using Stata (Stata Corporation, College Station, TX, U.S.A.). Univariate comparisons of the MDI, NMS, and MRI scores of the outcome groups were made with t tests for continuous variables and the Fisher exact test for categorical variables. Change in MDI and NMS from 12 to 30 mo was determined using paired t tests. To determine whether the severity of cerebral injury and the severity of neonatal systemic derangement in the outcome groups differed, 1 H-MRS ratios and SNAP-PE scores of the groups were compared using the nonparametric test for trends across ordered groups.
Logistic regression was used to compare the following predictor variables in the normal and deteriorated groups: (1) 1 H-MRS metabolite ratios, (2) SNAP-PE scores, and (3) total household income. This was done to determine whether deterioration from 12 to 30 mo of age could be attributed to more severe neonatal cerebral injury, more severe neonatal systemic derangement, or to socioeconomic factors.
RESULTS
Fifteen infants (40%) were classified as normal, 11 (30%) as abnormal, and 11 (30%) as deteriorated ( Table 1 ). The deterioration observed in 11 infants was primarily cognitive (Tables  1 and 2 ). At 12 mo of age, the normal and deteriorated groups did not differ in mean MDI (p ϭ 0.5) or in the distribution of NMS (p ϭ 0.7). At 30 mo of age, the normal and deteriorated groups differed in mean MDI (p Ͻ 0.00001), but not in the distribution of NMS (p ϭ 0.9). All of the deteriorated infants had a decrease in MDI from 12 to 30 mo and one of these children also had deterioration in NMS from 2 to 3. The mean MDI decreased only in the deteriorated group (p Ͻ 0.00001), and did not change in the other two groups (both p Ͼ 0.5). MRI scores were distributed differently in the three groups on the T2-weighted sequences in the BN (p ϭ 0.01) and IBZ (p ϭ 0.03), with more severe abnormalities in the abnormal group (Table 3 ). The T1 scores did not differ among the three groups in the BN (p ϭ 0.07) or IBZ (p ϭ 0.3). The MRI scores were not different in the normal and deteriorated groups in the BN or IBZ (all p Ͼ 0.2) ( Table 3) .
NAA/choline differed among the three groups in BN (p Յ 0.001) and IBZ (p ϭ 0.04), with lowest values in the abnormal group and highest values in the normal group (Table 4 , and Figs. 1 and 2 ). Lactate/choline differed among the three groups in BN (p ϭ 0.01) and IBZ (p ϭ 0.05), with highest values in the abnormal and lowest values in the normal group (Figs. 1  and 2) . Similarly, SNAP-PE differed across the three outcome groups, with highest scores in the abnormal group and lowest scores in the normal group (p ϭ 0.01) (Fig. 3) .
In comparisons aimed at distinguishing the normal group from the deteriorated group based on neonatal predictor variables, there was no significant difference, but a trend for lower BN NAA/choline in the deteriorated group compared with the normal group [odds ratio 663. 7 To determine whether deterioration is associated with socioeconomic factors, we compared the household income of the normal and deteriorated groups using logistic regression ( Table  5 ). The odds of deterioration, if normal at 12 mo, increased by a factor of 5.1 (95% CI: 1.3-19.8; p ϭ 0.02), with each decrease in one of four household income strata (n ϭ 21). To determine whether the effect of household income on the odds of deterioration is independent of BN NAA/choline, a multivariate logistic regression model was used. The results of this model did not differ meaningfully from the univariate analysis. The odds of deterioration, if normal at 12 mo, increased by a factor of 5.1 (95% CI: 1.3-20.3; p ϭ 0.02) with each decrease in one of four household income strata, whereas lower basal nuclei NAA/choline was not significantly associated with deterioration [odds ratio 17.3 (95% CI: 0.0009 -319548), p ϭ 0.57]. Given the strong association of household income with normal and deteriorated outcomes, the lack of meaningful univariate association with SNAP-PE in these groups, and our sample size, SNAP-PE was not included in the multivariate regression model.
Only one deteriorated infant (patient 11 in Table 2 ) had a decline in MDI that was possibly within the expected error of the test. This infant was in the income group $35,000 -$75,000, and removing him from the analysis did not significantly alter the results. Of the 15 normal infants, two had improved from abnormal at 12 mo of age. One of these infants, with an MDI of 82 and NMS of 0 at 12 mo, had an annual household income Ն$75,000, and the other, with an MDI of 74 and NMS of 0 at 12 mo, had an annual household income between $35,000 and $75,000.
At 30 mo of age, eight infants in the abnormal group, one infant in the normal group, and none in the deteriorated group were receiving rehabilitation therapy. 
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DISCUSSION
After perinatal depression in term newborns, the relative cerebral concentrations of NAA and lactate are significantly associated with outcome at 30 mo of age. This is consistent with the observation by this group and others that abnormalities of lactate and, more variably, NAA are associated with neurodevelopmental outcome at 12 mo of age (1, 2, 11-16), although this association was not found by others. Decreases and increases in NAA reflect neuronal integrity (17) (18) (19) (20) . As diminished NAA/choline after perinatal depression was most strongly associated with outcome at 30 mo of age, our findings suggest that abnormality of neuronal integrity is the most important neonatal predictor of 30-mo outcome.
We have previously reported in this cohort that the most consistent abnormality associated with neurodevelopmental impairment at 12 mo of age was the presence of a lactate peak (2) . Persistent increase in lactate after birth asphyxia (Ͼ1 mo) may be seen in infants with abnormal neurodevelopmental outcome at 12 mo of age (21) . Abnormalities of lactate reflect an ongoing metabolic disturbance (e.g. secondary to hypoxicischemic injury), or the presence of inflammatory cells (19, 22) . Lactate may reflect more acute metabolic stress and, although more strongly associated with 12-mo outcome than NAA, may be less important for the prediction of longer-term neurodevelopmental outcome. Another factor may be the age of the patient at the time of the 1 H-MRS (2). Our experience in human newborns (unreported data) and that of others in neonatal piglets (23) suggests that, after peaking during the second or third day, the size of the lactate peak diminishes during the first 2 wk after birth, and may become normal; thus, patients studied after the age of 3 d may have deceptively low lactate levels. In contrast, NAA concentration diminishes during the first few days after injury and thereafter remains lower than normal. We speculate that the fact that our patients were studied at a median age of 6 d may explain the increased sensitivity of the NAA measurements. The deterioration in cognitive outcome is closely associated with lower socioeconomic condition, even when controlling for the severity of neuronal injury as measured by NAA/ choline. Criteria available in the neonatal period (lower NAA/ choline, more severe structural brain injury on MRI, or more severe systemic derangement) or at 12 mo of age (lower NMS) could not adequately predict later neurodevelopmental deterioration in infancy. Developmental disabilities in ICN graduates, including term infants with hypoxic-ischemic encephalopathy, have been associated with sociodemographic variables (poverty, race, maternal education, and gender) by several other investigators (4, 5, 24) . These variables seem to have greatest effects on mild educational disabilities (25) . In our abnormal group, the group with the most severe developmental disabilities, income strata were evenly distributed. This is consistent with the previous observation that severe developmental impairments are more closely associated with perinatal factors (25) .
The group of most clinical concern in our cohort was those infants who were classified as normal at 12 mo of age who were later classified as abnormal. It is unlikely that this observation is an artifact of the test procedures. The MDI of the BSID is a stable measure of infant development in high-risk ICN survivors (26) . Others have demonstrated that repeated assessment with the BSID did not bias the MDI, and that scores at 4 mo and 28 mo with repeated assessment were equivalent (27) . This "repeated assessment" bias would not explain our findings, as the direction of this bias would be expected to normalize the scores of impaired infants on follow-up, thereby reducing any apparent "deterioration." An alternative explanation for the observed deterioration is that abnormal cognition became apparent only at 30 mo of age in the deteriorated group. Although the MDI at 30 mo is more enriched in verbal items than at 12 mo, we would not expect "deterioration" in only a subset of our cohort. Also, as the MR scores did not differ in the normal and deteriorated groups in the BN or IBZ, it is unlikely that the deterioration was due to late manifestations of frontal white-matter injury where impaired cognition with relatively preserved motor function would be expected.
The relationship between socioeconomic status and neurodevelopmental outcome is multifaceted and may relate, at least in part, to environmental stimulation and access to rehabilitation therapy. No infants in the deteriorated group were receiving rehabilitation therapy at 30 mo of age. The importance of recognizing the group of children at high risk of deterioration after 12 mo of age is underscored by the potential gains of early developmental intervention in those children from a lower socioeconomic environment (28) . These interventions, as demonstrated in low-birth-weight preterm children, may be most effective in improving developmental outcomes in those born to mothers with high school education or less (28) . In term small-for-gestational-age infants and preterm infants, higher maternal language skills, a positive home environment, and attendance at preschool were associated with a significant increase in the mean intelligence quotient (29) . The negative effects of low socioeconomic status may overshadow the impact of pre-or perinatal hypoxic-ischemic injury in those children with mild to moderate impairments.
After perinatal depression in term newborns, normal neurodevelopment at 12 mo of age does not ensure a normal long-term outcome. Overall, given the prevalence and implications of low socioeconomic status, it is incumbent on the clinician to identify these high-risk infants so that they continue to be followed after 12 mo of age and are targeted for appropriate developmental services.
